Abstract Mutations in the tissue-nonspecific alkaline phosphatase (TNAP) gene can result in skeletal and dental hypomineralization and severe neurological symptoms. TNAP is expressed in the synaptic cleft and the node of Ranvier in normal adults. Using TNAP knockout (KO) mice (Akp2 -/-), we studied synaptogenesis and myelination with light-and electron microscopy during the early postnatal days. Ablation of TNAP function resulted in a significant decrease of the white matter of the spinal cord accompanied by ultrastructural evidence of cellular degradation around the paranodal regions and a decreased ratio and diameter of the myelinated axons. In the cerebral cortex, myelinated axons, while present in wild-type, were absent in the Akp2 -/-mice and these animals also displayed a significantly increased proportion of immature cortical synapses. The results suggest that TNAP deficiency could contribute to neurological symptoms related to myelin abnormalities and synaptic dysfunction, among which epilepsy, consistently present in the A k p 2 -/ -m i c e a n d ob s e r ve d i n s e v e r e c a s e s o f hypophosphatasia.
Introduction
The severe form of hypophosphatasia, an inborn-error-ofmetabolism caused by mutations of the gene (ALPL in humans and Akp2 in mice) expressing the tissue-nonspecific isozyme of alkaline phosphatase (TNAP), results in life-threatening diseases during early developmental periods . TNAP has an important function in skeletal tissues where it is involved in mineralization (Hessle et al. 2002; Wennberg et al. 2000) . However, the most severe forms of hypophosphatasia also manifest neurological symptoms, most notably epilepsy (Baumgartner-Sigl et al. 2007; Henthorn et al. 1992; Whyte 1995) . Importantly, a recent investigation found the expression of the bone-type TNAP mRNA by neural cells in the brain of different species including humans (Brun-Heath et al. 2011) . In addition, a putative functional role for TNAP during neuronal development is supported by the observations of TNAP activity in neural structures (in addition to the vascular localization) of rats (Sugimura and Mizutani 1979; Zisapel and Haklai 1980) , monkeys (Fonta and Imbert 2002; Fonta et al. 2004 Fonta et al. , 2005 Friede 1966 ) and human (Negyessy et al. 2011) . However, the specific biological role of TNAP in the brain is currently unknown.
Several substrates (vitamin B6, nucleotides, phosphoproteins) and interacting molecules (collagen, PrPc) of TNAP have been found, suggesting that this enzyme can have multiple possible functions in the brain. The glycoprotein TNAP is an ectozyme with phosphomonoesterase activity, which hydrolyzes pyridoxal 5′-phosphate (PLP), a B6 vitamer (Whyte et al. 1985) . Consequently, TNAP activity has been implicated in the metabolism of different neurotransmitters, such as gamma-aminobutyric acid (GABA) or serotonin, whose synthesizing enzymes utilize PLP as the cofactor (Amadasi et al. 2007) . Human neonates presenting hypophosphatasia exhibit functional deficiency in brain aromatic-Lamino acid decarboxylase (AADC) enzyme required for the synthesis of dopamine and serotonin (Balasubramaniam et al. 2010) . TNAP is also potentially involved in purinergic transmission by producing nucleotide receptor substrates through the degradation of ATP to adenosine (Abbracchio et al. 2009 ). In addition, TNAP may be involved in extracellular matrix and cell membrane interactions through its collagen binding domain (Bossi et al. 1993) or its extracellular phosphatase activity (Diaz-Hernandez et al. 2010; Ermonval et al. 2009 ). Moreover, the finding of Ermonval and collaborators (Ermonval et al. 2009 ) demonstrates that TNAP is associated to the cellular prion protein in rafts of differentiated bioaminergic neurons. In addition, the localization of TNAP in the synaptic cleft (Fonta et al. 2004 ) and nodes of Ranvier (Fonta et al. 2005) supports the role of TNAP in the regulation of neuronal activity in the cerebral cortex. All these findings suggest a functional role for TNAP in neuronal transmission and homeostasis (Ermonval et al. 2009 ).
There is also evidence suggesting a role for TNAP in neuronal plasticity and development. Visual deprivation studies suggest that expression of TNAP activity depends on neuronal activity in the primate visual cortex (Fonta et al. 2005) raising the possibility that TNAP is involved in activity-dependent neurodevelopmental processes. It was also shown that TNAP activity expresses a complementary pattern to that of myelin staining and gradually disappears as myelination proceeds during the development of the white matter in the primate brain (Fonta et al. 2005) . A recent in vitro study (Diez-Zaera et al. 2011) showing that TNAP is involved in the control of axon extension and branching of hippocampal neurons adds further evidence for the possible role of TNAP in the maturation of neural connections and pathways. Interestingly, TNAP also regulates the differentiation of neural stem cells in vitro (Kermer et al. 2010 ).
Severe hypophosphatasia is phenocopied in Akp2 knockout mice, null for TNAP activity (Narisawa et al. 1997 ).
Akp2
-/-mice are viable only for about 1−2 weeks after birth and, beside the characteristic defects in skeletal mineralization, these animals develop epileptic seizures prior to death, which have been linked to a deficiency in PLP and GABA metabolism (Narisawa et al. 2001; Waymire et al. 1995) . Here, we have studied the structural organization of the central nervous system of the Akp2 -/-mice at different postnatal ages both at the light and electron microscopic levels in search for further insights into the biological role of TNAP during brain myelination and synaptogenesis. Myelination was studied in the spinal cord where it proceeds prenatally and has a more advanced development compared to the cerebral hemispheres and in the cerebral cortex where myelination initiates after birth in rodents (Coffey and McDermott 1997; Foran and Peterson 1992) . Synaptogenesis in the cerebral cortex of different species, including the mouse (Li et al. 2010) , also takes place mainly postnatally. Preliminary findings have been published in abstract form (Barna et al. 2009a, b; Xiao et al. 2006 Xiao et al. , 2007 .
Materials and methods

Animals and histology
Animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council 1996) , European Directive 86/609 and the guidelines of the local institutional animal care and use committee. The study was approved by the Regional (Midi Pyrénées) Ethics Committee (ref. no. MP/01/32/10/09). Inactivation of the mouse Akp2 gene to generate TNAP null mice has been previously described (Narisawa et al. 1997) . Animals were genotyped using dedicated primers (mTNAP-3': 5'-AGT CCG TGG GCA TTG TGA CTA-3', mTNAP-5': 5'-TGC TGC TCC ACT CAC GTC GAT-3').
Light microscopic analyses included 16 wild-type (WT) and 16 knockout (KO) mice aged from postnatal days 1 to 10 (P1 to P10; Table 1 ) perfused transcardially with a fixative containing 4 % paraformaldehyde in 0.1 M phosphate buffer (PB; pH7.4). Coronal sections 40 μm thick were cut from the cervical spinal cord with a freezing microtome. They were stained for myelin according to a protocol modified from Gallyas (1979) described in Negyessy et al. (2011) to reveal the white matter. Additional staining was made by cresyl violet to reveal cytoarchitecture in the gray matter. TNAP activity was detected by histochemistry on the neighboring sections, using 5-bromo-4-chloro-3′-indolyphosphate ptoluidine salt (BCIP) as substrate and nitro-blue tetrazolium chloride (NBT) as chromogenic in a 0.1 M Tris solution pH 9.5 (Fonta and Imbert 2002; Fonta et al. 2004 ).
Electron microscopic analyses included 4 WT and 4 KO animals of different postnatal ages (P2, P7 and P8), which were transcardially perfused with a fixative containing 4 % paraformaldehyde and 2 % glutaraldehyde in PB. Coronal, vibratome sections were cut from the cervical spinal cord while the parietal cortex was cut in the parasagittal plane, both at 60 μm. The sections were washed, osmicated, dehydrated in ascending series of ethanol and flat-embedded in Durcupan ACM (Fluka, Buchs, Switzerland) . Studies were performed on semi-and ultrathin sections (1 μm and ∼60 nm thick in that order) after staining with toluidin blue azure II and lead citrate, respectively (for more details of the techniques used, see Négyessy et al. 1995; Fonta et al. 2004 Fonta et al. , 2005 .
Quantitative analyses
Light microscopy analyses Image analysis was performed by using Mercator software (Explora Nova ® ) on photos acquired with a Leica microscope DMR, equipped with a CCD camera interfaced with an IBM compatible computer. Percentage of the white matter (WM%) in the spinal cord was calculated at 7 different postnatal ages (P1, P2, P4, P6, P7, P8 and P10) in the WT and KO mice from measurements made on several myelin-stained sections per animal (Table 1 ; Fig. 1a ). The total cross-sectional area of the spinal cord and the gray matter were hand delimited and the surface area values were automatically obtained. The WM% was calculated relative to the total cross sectional area of the spinal cord sections. Growth rate was calculated by subtracting the 1st postnatal day (P1) cross-section area value from the one measured at a given postnatal day and divided by the P1 value.
Electron microscopy analyses A Jeol 1010 transmission electron microscope equipped by a Morada digital camera (Olympus) was used. Qualitative and quantitative electron microscopic analyses of the KO and WT mice were made on P2, P7 and P8 on digital images. Measurements were made by ImageJ (Rasband 1997 (Rasband -2011 and analySIS (Olympus) softwares. Qualitative ultrastructural examinations led us to classify the stage of myelination into 3 types of fibers as follows: Class I fibers were encapsulated by processes of oligodendrocytes containing cytoplasmic substance, Class II fibers distinguished by the additional appearance of the compact myelin lamellae around the processes (i.e. forming two layers around the axolemma) and Class III fibers were encapsulated by a matured, laminated myelin sheath only (Fig. 2a-e) . The 3 classes of fibers were counted in a 64-μm 2 area of an ultrathin section of each of the 6 different cases (3 ages P2, P7, P8 in the WT and KO, one animal per case) by capturing 50 electron microscopic images per animal at 20 K magnification (resulting in the 64-μm 2 field of view on each image) in the ventral fascicle of the cervical segment of the spinal cord (25-25 shots were taken from the left and right fascicles, respectively). Altogether, we counted 100,877 axons, 41,641 in the KO and 59,236 in the WT (Table 2) .
Myelinated axons of the spinal cord were further studied by measuring cross-sectional areas of the three classes of myelinated axons selected randomly in two KO and two WT mice at P7. We used 30 electron microscopic images of 20 K magnification from each animal. The images were overlaid with a 2×2 μm 2 grid and axons (three axons/image from each of the three classes) were sampled in randomly chosen squares of the grid (altogether 30×4×3×301080 ,axons). The following variables were measured: (1) total crosssectional area of the myelinated axons (all classes), (2) cross sectional area of the bare axon (all classes), (3) crosssectional area of the oligodendrocytic processes around the axons (Class I, II) and (4) cross-sectional area of the myelin sheath (Class II, III) (Fig. 2e ). All the areas were hand delimited. Finally, the square root of the measured areas was computed for calculating the g-ratio (ratio of the size of the axon to the size of the whole fiber on the crosssections) and also for statistical comparisons.
Synaptogenesis was quantified in the parietal cortex of 6 animals (2 KO and 2 WT at P7 and one mouse per group at P8) by classifying synaptic contacts into 2 groups. Synapses exhibiting well-developed pre-and postsynaptic membrane specializations, clear synaptic cleft and numerous synaptic vesicles were classified as matured (Fig. 6 ). Immature synapses were characterized by noticeably thinner synaptic membrane specializations and by either the lack or a low number and scattered distribution of synaptic vesicles ( Fig. 6) (Li et al. 2010) . Synapses were counted on 50 electron microscopic images per animal at 20 K magnification. The number of synapses is presented in Table 3 . To confirm that our synaptic classification was not the result of a tangential cut, 11 and 7 synaptic contacts were also reconstructed in 3D from serial sections in the KO and WT, respectively, at P7 by using the Reconstruct software (Fiala (147) 16 (139) 2005). The series included the total extent of the postsynaptic densities.
Statistics
Spinal cord growth and white matter maturation of the WT and KO mice were compared by linear regression and analyses of correlation. Non-parametric Mann-Whitney test was applied to compare growth rates. All other comparisons (total cross-sectional areas, cross-sectional areas of the bare axons, oligodendritic processes, myelin sheath, ratio of bare axon/total section area and synapse numbers) were made by ANOVA and Student's t test.
Results
Spinal cord
The central nervous system of the Akp2 -/-mice did not exhibit major macro-anatomical alterations (for the spinal cord, see Fig. 1a ). Both in the KO and WT mice, the size of the spinal cord measured by the crosssectional area, linearly increased with age (p<< 0.01, linear regression, WT: r00.86; KO: r 00.83) (Fig. 1b) .
Due to the constant growth shown on Fig. 1b , the average cross-sectional area was 1.6 and 1.7 times higher at P10 than at P1 in the KO and WT, respectively. However, spinal growth exhibited a slower growing rate in the KO than in WT mice as indicated by the shallower slope of the KO trend line (dashed line) in Fig. 1b . This slowing of the spinal growth of the KO group was especially obvious after the fourth postnatal day (Fig. 1b) . Accordingly, the spinal cross-sectional area was significantly smaller in the KO than in the WT mice when ages P6-10 were grouped together (p0 0.014, Mann-Whitney U test). In contrast, grouping younger animals of ages P1-4 did not exhibit a significant difference between the spinal cross-sectional areas of the KO and WT mice (p00.85, Mann-Whitney U test).
The developmental growth of the spinal cross-sectional area resulted in an increase in the size of both the gray matter and the white matter (Fig. 1c) . On average, in the WT and KO mice, the cross-sectional area of the gray matter increased similarly by 52 and 50 %, respectively, as shown by the growth rate at P10 (Fig. 1c) . However, the white matter of the WT exhibited a much higher growth rate than that of the KO animals at P10 (117 vs. 83 %, respectively) ( Fig. 1c) . At the same time, the age-dependent increase of (WT: r 00.98; KO: r 00.86). We have therefore calculated the relative amount of the white matter (WM%) and plotted it as a function of age (Fig. 1d) . Figure 1d indicates that the WM% linearly increased in the case of both the KO and WT animals (p<0.01, linear regression, WT: r 00.8; KO: r 00.7). However, the difference of the slopes indicates a considerably decreased growth of WM% in the KO (slope of 0.7) when compared to the WT mice (slope of 1.4) (Fig. 1d) . The smaller increase of the WM% of the KO relative to the WT mice was especially evident after P4/P6 (Fig. 1d) .
The fine structure of the spinal white matter appeared normal at a superficial examination except that the shape of axonal cross-sections appeared more irregular in the KO than in the WT mice (Fig. 2a-d) . However, quantitative electron microscopic examination showed that the total density of myelinated fibers (i.e. including Classes II and III) in the KO mice was significantly lower at P2 and gradually reached the level found in the WT mice by P8 ( Fig. 2f ; Table 2 ). Considering myelination, the number and proportion of the different types of axonal processes (Fig. 2e) changed differently in the WT and KO mice (Fig. 2f) . At P2, the ratio of myelinated fibers calculated by pooling the number of Class II and III fibers (as opposed to nonmyelinated Class I fibers), was twice as much in the WT (20 %) than in KO mice (10 %). Of the myelinated fibers (Class II and III together), more than 92 % were found belonging to class II in the WT mice. No mature myelinated fibers were found in KO mice (Fig. 2f) . At P8, a similar ratio of myelinated fibers was observed both in the WT and KO mice (80 and 77 %, respectively). However, the ratio of Class III fibers in the WT (27 %) was double that of the KO mice (14 %), suggesting a delay in myelination as a result of Akp2 gene inactivation (Fig. 2f) .
Myelination was characterized by the g-ratio calculated as the ratio of the square root of the size of the cross-section area of the axonal processes itself (marked by A in Fig. 2e ) to the square root of the total cross-section area including oligodendrocytic processes (marked by O in Fig. 2e ) in the case of Class I and II axons and/or the matured myelin sheath engulfing the axons (marked by M in Fig. 2e ) in the case of Class II and III axons. At P7, significant changes of this ratio were found in all three classes of fibers. In the case of Class I fibers, the ratio increased from 0.67 in the WT to 0.7 in the KO mice (p00.002, one-way ANOVA). Similarly, the g-ratio of Class II was significantly smaller in the WT (0.71) than in the KO mice (0.73) (p00.02, one-way ANOVA). In contrast, the g-ratio decreased in the case of Class III axons from 0.78 in the WT to 0.76 in the KO (p<<0.01, one-way ANOVA). In Class I fibers, the difference of the ratio was associated with the decreased thickness of the oligodendrocytic processes in the KO as compared to the WT mice (0.53 ± 0.37 μm 2 vs. 0.84 ± 0.9 μm 2 , respectively; p<<0.001, student t-test). In Cell Tissue Res (2012) 349:459-471 463 the WM amount strongly correlated with the increasing size of the spinal cross-sections during the postnatal days studied Class III fibers the thickness of the neuronal process, i.e. the axon, was decreased in the KO (1.68 ± 0.85 μm 2 ) compared to that of the WT mice (1.96 ± 0.96 μm 2 ) (p00.048, Student's t test). In contrast, the thickness (i.e. area) of the myelin sheath of Class III axons was not statistically different between KO and WT mice. In the case of Class II fibers, axonal thickness tended to be increased in the KO when compared to the WT mice; however, the difference was not statistically different.
In addition structural abnormalities of myelination reminiscent of cellular degradation were frequently observed around the para-and juxtanodal regions of the nodes of Ranvier in the KO mice ( Fig. 3c-f ). Similar ultrastructural alterations were not found in the WT mice (Fig. 3a, b) . Some of the affected axonal regions were serially cut to see whether degeneration affected only the nodal including para-and juxtanodal regions. Cellular degradation was apparently localized in the cytoplasm of the oligodendrocytes (Fig. 4) and was characterized by the presence of lysosomes, endosomes and multivesicular bodies in the para and/or juxtanodal regions (Fig. 3, 4) . In summary, in the spinal cord, TNAP gene deletion resulted in an alteration specific of the white matter. It was the most pronounced from the fourth day of postnatal life. The volumetric decrease of the white matter amount at the light macroscopic level was accompanied by a decreased ratio of the myelinated fibers, the thinning of the myelin sheath, the decrease in axon size and degradation of myelin in the nodal regions at the ultrastructural level, which all suggest a delay or inhibition of spinal cord myelination.
Cerebral cortex
The laminar organization of the parietal cortex of the KO mice was similar to that of the WT mice in each age group (P2, P7, P8) examining toluidin blue azure II-stained semithin sections (P2 is shown in Fig. 5a, b) . However, at the ultrastructural level, myelination and synaptic organization appeared disrupted in the KO animals.
At P2 of the WT cases, myelination of some axonal fibers had just initiated (Fig. 5c) . In contrast, signs of engulfing the axonal fibers by the myelin sheath were not observed in the KO mice. Myelinated axonal process-like structures were rarely observed in the KO animals. In contrast, we observed disorganized structures such as that illustrated in Fig. 5d with a myelin-like formation surrounding a deteriorated membranous structure. At later ages (P7-8), myelinated fibers could be easily found in the WT mice (Fig. 5e, g ). However, in the KO mice of the same age, only a few myelinated axons were found (Fig. 5f ), which exhibited abnormal structural properties as illustrated in Fig. 5h .
Considering synaptogenesis, contacts of recognizable synaptic membrane specializations were not found at P2 in the cortex of the WT and KO mice. At P7 and P8, numerous synaptic contacts could be observed in both groups (Fig. 6a,  b) . However, compared to the WT mice, the characteristic features of the synapses such that the pre-and postsynaptic membrane specializations, as well as the presence, density and arrangement of the synaptic vesicles, were in many cases underdeveloped in the KO mice at P7 and P8 (Fig. 6a, b) . Synapses were classified accordingly as mature and immature (Fig. 6a, b) and their ratios compared in the two groups. The comparison indicated a decreased proportion of mature synapses in the KO mice ( Fig. 7; Table 3 ). Accordingly, repeated measure two-way ANOVA indicated a significant effect of Akp2 gene ablation on the number of mature and immature synapses after grouping the data by ignoring age differences (p00.03). Post hoc comparisons indicated a significant increase of the number of immature (Table 3) . Interestingly, in the WT mice, there was no significant difference between the numbers of the two types of synapses. However, in the WT group, case P8 was an outlier with an exceptionally low number of immature synapses and resulting in a large variance of the data (Table 3) . A selected number of synapses were cut serially via the full extent of their synaptic densities. Serial reconstructions of mature-like synapses (11 in KO and 7 in WT mice) were possible on considerably shorter series in the KO (average 2.5 sections) than in the WT mice (5.7 sections in average) at P7, which suggest that mature-like synaptic contacts have a smaller size in the KO animals than in the WT (Fig. 6c-f ).
In summary, delay in myelination and in synaptogenesis was observed in the cortex of Akp2 -/-mice. Generally, cortical synapses also appeared under-developed in the TNAP null animals.
Discussion
This is the first time that the consequences of ablating TNAP function on the developing brain were investigated. Based on previous work providing relationships between TNAP activity in the synaptic cleft and nodes of Ranvier (Fonta et al. 2004 (Fonta et al. , 2005 , we presently targeted our investigations on the effect of TNAP gene deletion on Fig. 3 Structure of the myelin sheath of individual fibers of the spinal cord is shown around the nodal regions (stars) both in the WT (a, b) and KO (c-f) animals at postnatal day 8 (P8). (c, d) White arrows show enlarged regions containing intracellular organelles responsible for cellular degradation shown at higher magnification (e, f). M myelin, A axon, N node of Ranvier or preterminal region, lys lysosome, e endosome, v endocytic vesicle, mt mitochondria, encl enclosure. Scale bars (a-d) 2 μm, (e, f) 1 μm myelination and synaptogenesis. The present study explored several structural and ultrastructural alterations indicating that TNAP plays an important role in the development of these above-mentioned structures, which are responsible for signal propagation and transmission in the central nervous system. These findings are in accordance with the expression of TNAP by neuronal cells shown recently by Brun-heath et al. (2011) . Consequently, our results suggest possible neurobiological causes contributing to the idiopathic epilepsy and poor coordination and orientation abilities recorded in case of TNAP deficiency (Narisawa et al. 1997 (Narisawa et al. , 2001 ).
Additionally, considering that impaired myelin formation and synaptic transmission are implicated in many neuropsychiatric diseases, the findings of the present study urge further investigation on the role of TNAP in such conditions.
Our findings in the spinal cord of KO mice indicating a decreased WM relative amount at the light microscopic level can most likely be attributed to impaired development of the white matter, rather than a disproportional development of the gray matter. Accordingly, the developmental increase of the proportion of spinal cord gray matter did not differ between the WT and KO mice. The ultrastructural Fig. 4 Ultrastructural evidence of cellular degradation in the myelinated axons of the spinal cord in the TNAP KO (a-c). M myelin, A axon, e endosome, MVB multivesicular body, lys lysosome, ** myelin engulfing a structureless empty-like region probably resulted by cellular degradation. Scale bars 1 μm examination suggests that the reduced number of axonal fibers destinated to be myelinated fibers (presently including three classes) and especially the reduction of the number of the fully developed, Class III myelinated axons, could explain the decrease of the WM% in the KO mice. In addition, it was also found that the diameter of Class III axons was decreased in the TNAP null mice. All these factors could reduce the intensity, quality and speed of activity propagation in the spinal cord of the KO mice. Regarding the development of the myelin sheath, the present comparisons showed that processes of the oligodendrocytes initially encapsulating the axons (Class I types) are thinner in the KO than in the WT mice. Together with the ultrastructural observations of degradatory cellular processes in the myelin structure around the nodal axonal regions of the spinal cord, these findings strongly suggest that TNAP activity is necessary for the normal development of myelin in the central nervous system. Our data may explain Narisawa and collaborators (1997) findings that describe thinner nerve roots in the lumbar spinal cord of 10-day-old KO mice. These abnormalities, which were not induced by cell death, were attributed to a defect in the development of the neural tube during embryonic life (Narisawa et al. 1997) . Our hypothesis on the role of TNAP in oligodendrocyte maturation is also supported by the almost complete lack of myelinated processes in the cerebral cortex at P8 in the KO animals when myelinated fibers are regularly found in the agematched WT animals. It should be noted that the present data, obtained in postnatal animals, may also be partly the result of prenatal developmental processes since strong TNAP activity is present at the axon level at the embryonic stage in the mice (Brun-Heath et al. 2011; Langer et al. 2007; Narisawa et al. 1994) . Meanwhile, TNAP null embryos are not morphologically distinct from WT embryos and embryonic mortality is not associated with TNAP deficiency (Narisawa et al. 1997) . Nevertheless, the role of TNAP in the development of the central nervous system during embryonic life has not yet been studied.
Cortical synaptogenesis was also impaired as suggested by the decreased number of matured synapses in the KO mice at P7 and P8, i.e. a very few days before they usually die. Furthermore, even mature-like cortical synapses appeared smaller and contained fewer if any synaptic vesicles in the KO than in the WT mice. Therefore, the absence of TNAP activity could hamper neurotransmission via the synaptic contacts in the cortex of KO mice. Fig. 5 Myelination in the cerebral cortex of the WT and TNAP KO mice of postnatal days P2 and P8. a, b Toluidine blue azure II-stained semithin sections show similar laminar organization of the WT and KO at P2. c, d Ultrastructural differences between WT and TNAP KO mice at P2. c Developing myelin sheath (arrow) around an axonal fiber (f) in WT mice at P2. d Arrow indicates an apparently empty, myelinated fiber-like circular structure in KO mice at P2. e, f Absence of myelinated axons in the cerebral cortex of the TNAP KO mice is shown on the semithin sections at P8. e Myelinated fibers are shown by the arrows on a toluidine blue azure II-stained semithin section in WT P8 mice. f Arrowhead points to a cross-section of an axon-like structure partially enwrapped by oligodendrocytic-like processes (dark staining). Note darkly stained oligodendrocytes. g, h Electron micrographs showing the lack of axonal myelination in the TNAP KO mice. g Normal cortical myelination is shown at P8 in WT animals. h Electron microscopic image showing a myelin-like sheath with an empty core (arrow) in KO mice at P8. Scale bars (b, and a) 250 μm, (c, d, e, f) 25 μm, and (g, and h) 200 nm There could be several molecular biological processes responsible for the structural alterations described above. In the central nervous system TNAP has several natural substrates including PLP but also different nucleotides. Thus, some neuronal abnormalities observed in TNAP null mice could be correlated with Vitamin B6 deficiency. It was found that daily supplementation with pyridoxal during the postnatal period results in the lengthening of the survival time of Akp2 -/-mice by a few days, an improvement of spinal nerve root deficiencies and a delay in epileptic seizures onset (Narisawa et al. 2001) . Meanwhile, many enzymes have PLP as a co-factor, including the GABAsynthesizing enzyme GAD. GABA is known to have a neurotrophic role during development and also plays an important role in the development of neuronal excitability (Represa and Ben-Ari 2005) , acting both at pre-and postnatal stages. Consequently, disturbance of GABA synthesis could substantially impair neuronal development. Regarding Arrows connect corresponding structures of the reconstructions and the electron micrographs. Arrowhead synaptic membrane specialization. a axon terminal, d postsynaptic dendrite. Scale bars (a, b) 1 μm, (inset and e, f) 500 nm Fig. 7 The ratio of mature (mat) and immature (immat) synaptic contacts are shown in two animals at postnatal day 7 (P7a, P7b) (diamonds and squares) and in one animal at postnatal day 8 (P8) (triangles) in both WT and TNAP KO mice myelination, it is known that myelin synthesis is also vitamin B6-dependent (Stephens and Dakshinamurti 1975) . The brains of rodents deprived of vitamin B6 from the first day of gestation show a decrease in myelination (Kirksey et al. 1990 ). In humans with B6-dependent seizures, delay in myelination and decrease in white matter have also been reported (Jardim et al. 1994; Lott et al. 1978) . Interestingly, delayed white matter maturation was reported in children with Mabry disease who have an elevated TNAP serum level without bone disease but with an important neurological compromise (seizures and psychomotor retardation), presumably due to low membrane-bound TNAP activity during brain development (Thompson et al. 2010 ). Thus, our data and these literature reports converge to suggest that TNAP level has a biological role on white matter development that could be explained through its enzymatic activity.
However, pyridoxal administration cannot rescue TNAPdeficient animals, who despite a slight prolongation of life span and a delay in the onset of epileptic seizures, die near weaning time (Narisawa et al. 2001) , suggesting that mechanisms other than vitamin B6 metabolism may be at play. Indeed, TNAP is suspected to be involved in various functions through multiple substrates. TNAP is also an ectonucleotidase providing substrates for purinergic receptors and it is known that the purinergic system plays an important role in neural development, beyond the control of neurogenesis (Mishra et al. 2006; Riquelme et al. 2008; Zimmermann, 2011) . Specifically, ATP and its dephosphorylated nucleotide derivatives stimulate migration and differentiation of oligodendrocytes and promote myelination in the central nervous system (Fields and Burnstock 2006; Neary and Zimmermann 2009 ). It has also been shown that TNAP regulates axonal growth by controlling the extracellular level of ATP, which acts on P2X7 receptors of the axonal growth cone (Diez-Zaera et al. 2011 ). An alternative hypothesis is that, in the cortex, lack of myelination obstructs saltatory conduction of the action potentials, which not only hampers fast conduction but at the same time results in great energy deficiency as the pointto-point spread of membrane potential changes is energetically expensive. Energy deficit in turn could result in cellular malfunction hence developmental failures and/or a lifethreatening state.
While the exact molecular mechanisms responsible for the changes observed in our study remain to be explored, it is very important to note that the findings of Kermer et al. (2010) , showing in cell culture experiments that TNAP is essential for the differentiation of neurons and/or oligodendrocytes, are in great agreement with the results of the present study within the brain.
Whether the roles of TNAP in myelination and synaptic maturation are independent needs to be investigated since normal myelination is closely linked to axonal activity especially through the purinergic system (Butt 2006; Fields and Burnstock 2006) . Therefore, analyses of the functions of TNAP in brain development appear to be an interesting opportunity to explore mechanisms of myelin defects and altered synaptic signaling, both being critical in learning and memory abilities (Fields 2010) and in several neurological diseases (such as multiple sclerosis, epilepsy, traumatic injury, schizophrenia, depression and Alzheimer disease) (Stys 2011; Vardy et al. 2011) .
